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1. itrodut.on

The phenomenoo of detonat4,ir of gases has from the timwe of

its discovery in 1881 served as lhn- subject of nrwrrouý irnvestiga-

tions which have continued up to the present.

fr.fprest in this phenomenon has been stimnulated both by its

great. techn.caj imThportance, In particular fox practices of explosion-

pro',;zFing in col) mines, pits., and in chemical industry, and by the

priivhil ch.aracterlstics of this type of propagation of flame. As

is wwl1 known, khe name detonation oi detonation wave is given to

thr phenomenon of propagation of a flame in detonating gasec'us mix-

tu~res with a ver'y great rate (j,50CK-3-3•(X•,sec), where this I-ate re-
mairns stricily constant for every given mixture and within broad

limits depenrds very little *..n the inItial conditions (tempexat.ure,

Ini-H.al density,.form of the section of the pipe, and its dlmenslonsý

The noticeable mechanical effects which accompany detonation Indic-

ate that high pressures are develc-ped in the wave, while high activ-
"odes
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ity of the detonation flame givesevidence of the fact that the temp-

erature in it considerably e-c:eeds the temperature of a normal flanr.

Recently a tendency has been noted for a broadening of the circle of

phenomena which are designated by the term "detonation," and for the

inclusion in it of all combustion processes with a rate exceeding

the velocity of sound (although not constant).

Detonation is usually caused by means of an explosion of a

charge of an explosive substance, for example, lead azide, in a tube

filled with a combustible mixture. In detonation under definite con-

ditions a usual flame also develops in a closed tube, caused, for

example,by an incandescent wire, an electric spark, etc.

Basic fcr the study of detonation was the photographic method

"in its various variants, which permitted not only the measurement of

the Vate of propagation of the detonation flame (according to the

inclination of its trace on a moving film), but also the different-

iation of details of its structure.

A sharp external distinction between detonation and the so-

called "normal" flame corresponds to a profound internal difference

in the mechanism of their propagation. The normal flame is propa-

gated through thermal conductivity and diffusion of the active cen-

ters from the reaction zone ("the front of the flame") into fresh

gas; hence its rate, determined by the appearance cf molecular trans-

fer, always is considerably less than the average thermal rate of

the molecules, i.e., less than the velocity of sound, and the drop
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in the pressure in the flame, cat-sed by the change in the velocity

of the substanr.,ý in It, Is always 4,a.411

An essential condition for d-tonation combustion appears to

be the pzesence of a pow•-ful sh,;:.k wave with a pormerful jump' in

the pressure and a sul -. velo.:ity ff the substance in it. The

rate of propagation of det•iietCon combustion is not related to

diffusion and thermal conductivity and exceeds by several times the

velocity of sound in the initial substance. Th. rate of propagation

of a normal flame is known i.o be 6ependent on the :-%te of the re-

action In it and the time of the rea,:tion clearly rnters into the

equation for the rate, while the rate of detonation can be calcul-

ated with great accuracy from only the physical and thermochemlcal

properties of the substance. Evic-ntly therefore. the theory of

gaseous detonation was originally developed by purely therniodynamic

means. The whole specific chemical character of each given mixture,

froma which everything must be interpreted in a treatment of the

limits of the phenomenon, was characterized by the concept of some

absolute ignition temperature, '-r than which the reaction takes

place very slowly and higher thac! which it goes instantaneously.

Only in connection with the development of the kinetics of gaseous

reactions and chain theory, in which a leading role belongs to the

Soviet school headed by M.N. Semenov, was the necessity perceived of

taking into consideration the cha-acterlstics of all combustion

processes due to the fact that tt:h reaction takes place in time,
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and the real possibility of such a consideration, based on the

achievements of chemical ktnltics, bec3me apparcnt.

The current theory of detonation has as yet been limited

chiefly to a consideration of the very fact of the development of

the reaction in time in the detonation wave. Already this has per-

mitted a better understandfiN of processes wlich take place In de-

tonation combustion. A direct calculation of the characteristics of

the detonation wave cn the basis of kinetic data as yet remains very

difficult (although the first attempts of such nature have already

been made) both as a result of the insufficiency of kinetic data on

the cour3e of concrete reactions and because until now the very
mechanism oi the transfer (transmission) of the reaction in the

wave has been unclear. This article is dedicated chiefly to just

this mechanism of transfer of the reaction in gaseous detonation.

Hence, we shall consider here only those stages of the development

of theory and only those works which are essential to an understand-

ing of the current state of this f3i.d and the task of further re-

search in it.

_ 2. C-riinal Development of the Theory of Detonation

Berthelot, 1 who discovered the phenomenon of detonation, pro-

posed that the chemical reaction (combustion) in the wave is trans-

ferred from layex to layer by particles of gas which possess a high

velocity and an ability to produce the reaction. Measured rates of
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detcnaticn and the averaae velocities of thermal motion of mtole-

cules which he c(alculated w rerethe t oratureG of the corlbustton

of the miiture seemed sufficiently closi. Furthez precisicn of

thermochemical data, in pQrtlcular heat capacities at high temper-

atures, sho"ed, however, that the 4,nMperatures calculated by Ber-

thelot, and therefore the ve.ocitiýs of the molecules as wel!, are

conside.rably high.

Most oi the succeeding researchers came to the conclusion that

the compression and initial heating of a combustible mixture by a

shock wave, accompanied by a wave reaction and maintained by it ap-

peared chiefly in the transfer of detonation combustion. One of tle!

fir'st to express such a viewpoi-,.t was our compatriot V. A. Mikhel'son

who, in his well known dissertation, gave an Interesting theoreti-

-al analysis of the phenomenon. comparing detonation with the prop-

ii ,at~on of shcck wavos, which had already been comparat'vel.y well

studied in his timP V.A. Mikhei'son came to the conclusion that a

detonation wave is a shock wave. However, in contrast to normal

shock waves in a gas. which are rapidly extinguished and degenerate i

into soumnd waves, detonation Is prcpagated in a sufficiently long

tube to any length, with a strictly constant rate. This is possible

because In detonation, as the shock wave is propagated, it liber3tes

the chemical. energy contained in the combustible mixture and on ac-

count of this can maintain its constant rate. The liberation of

energy takes place In the following way. The shock wave, compresslns



each succeeding layer of gas, takes it to such a high pressure and

ihn~ats it to such a hich tem~c*zature that. an unvsually fast, PrP.-cti-

I cally instantaneous reaction arises in the combustible mixture, and

all the chemical energy of the combustible mixture at the shock wave

front is transformed into thermal energy.

Imposing the condition of stationariness on such a shock

wave, Mikhel'son obtained very interesting Iesults, which remained

insufficiently appreciated for many years. Hence, it remains for us

here to consider the propagation of detonation in an infinitely long

tube in the "inverse" system of coordinates related to the proton

wave.

In such a system of coordinates, a tube with the fresh mix-

ture (pressure Po, density O, temperature TO) will strike against

a stAtionary wave with a vaLr)city D of propagation of detonation

relative to the tube. Let us construct two control sections, AA'

and BB' (Fig. 1) before the shock wave front and at some distance

behind It, in such a way that a drop in pressure, density, tempera-

iatureand velocity takes place between these sections. Let us recall

that in the system of coordinates we have selected &1l phenomena are

stationary, i.e., the state and velocity of the gas in every given

section does rot change with time. Let us also exclude from consid-

eration any loss through friction or heat emission, considering

I them to be negligibly small. Then It is easy to draw up an equation

Ifor the conservation of matter and momentum. Designating the state
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of the gas compressed by the wave (to the right of BB') by the sub-

script 1, .e ohtain (calculated for one square unit)z

POD " ir. , (f) a

where u Is the velocity of the compressed gas relative to the wave

front, and m is the mass velocity of the gas (the mass of the gas

wh,,A.h passe6 1.r a unit of time thro:ý,qh a unit In the surface of the

wave). l.t us write the equation for the conservation of mcmentum

ir, the fo•rmr

PI-- P, M , -nu "Mz ('vo -- z:), (

wher--is the specific voluwe of the gas.

A C I

A'C' 5'

Fi~g. 1. Propagation of a s?,wck wave in an inverse system of
Scoordlnates.

S'~~.i"•S• qu.e nt y,

(3)

Due to the stationariness of the phenomenon, the same
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relat-i.,nship is correct for the nas ;n arny intermiedidto section CC'

i:•).u •nc .also such• e:tn• wher,'e th-t .hemicm.i -leacticin takk,--• place

(liberation of heat). Hence for any section

P -1~ I', +* ~"ov 0 in ('4
ind

ft is evident that in the P-st diagram all points satIsfying

equation (4) l1e on the straight line AB, which passes through the

point P0 , vo at an angle whose tangent is tant. = -m2 (Fig. 2).

T - 4 .;sible tat.t- throuqh which the gas can pass in

thi process of detonation (compression and combustion) lie cn the

str•ight line AC. This circwustance, as will be shown later, is of

great importance for the cut-ient theory of detcnatiztn.

The most thormodynamlcally stable of all the states depicted

by the straight line AC is the state in which the entropy has a

maximum. Mikhel'son proposed that the gas in a detonation wave afterf

termilnation of the reaction passes into just this state. At the

point of the straight line at which the entropy is maximmu (point D

Fig. 2), the straight line AC evidently relates to the isentropic

state. For the point of tangency, we can easily find from equation

- 8 -



Fig. 2. Adiabatic cuxrvs of Huqonicot for shock (Curveý GP3A)
an~d dketonation (curve FDJ) waves.

(4) anri t~h8 eq~uation of Isrintropy (Pvk Const.)
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ani For an ideal gas (Pb ,T),

S (7)

Mjkhel'son notes the curious circumstance that the maximum of the

Stecperature lies above the point D. Indeed, the maximal tempera-

ture corresponds to the point of tangenoy of the straight liUn. AC

to the corresponding isotherm (Pv = const.; kal), and the ratio of

"the piessure at the point of maximal termperature ( Point B,Fig.2)

to Bu will be equitl to

p/ _ k,k +

i.-., PR is always somewhat greater than P For normal explosive

mixtures In the combustion products k z- 1.2, from which PB D .i.1

Corres•ondingly Ta rb z 1. 01 TDl.

Eauation (7) can be simplified by neglecting the Initial

pzessure Po in comparison with n. Indeed, n z Po+m 2 v 0 , PO+iD;

when PO remD, which is the case for all the usual explosive mixtures,

we can set n fmD, and then

-- 10 -
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where R and IA are the qas constant and mole..:ular weight of the com-

bust.rii .ýroducts, and D is expressed in irr./sec. This formula is

very c¢'nvenient fcr an evaluation f TD according to the rn'en rate

of detcnation. If we consider Onat the velocity of sound C' xRT

and if wo utilize equation (8), then we come to the equation

whec-e Cr is the velocity of sound ,.I the detonation products. Lot

us find the relationship between the velocity of the wave relative

to the compressed gas behind its front and the velocity of sound.

Utilizing equations (4) and (1), let us rewrite equation (6)

in the forms

Pit + mu,,, (k -:1 ) PI).

.Reducina and multiplying both parts by vD, -.,e obtain

' 11) I) 2 41ch

from which
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Thus, the rati of propagation of detonation relative to the

reaction products behind its front is equal to the local velocity

of sound. This property of the detonation wave, observed by E.

Jouguiet, 3  is of fundamental signifitance for its stability and

distinguishe3 it from normal shock waves, the rate of propagation

of which relative to the gas compressed in them is always less than

the velocity of sound, as is well known. The wave of expansion of

the detonation products, which is spread over some distance behind

the wave front, moves with the velocity of scund CD, and, due to the

conditlon expressed by equation (10), can not reach the wave front

and weaken It. Nor can any small (sound) disturbance overtake the

front part of the wave.

The most detailed thermodynamic consideration of detonation

was performed by Jouguet.

Considering the statlonary detonation wave, we have already

constructed for it an equation of conservation of matter (1) and of

momentum (2). Let us now construct an equation for the conservation

of energy. The stream of energy flowing in through section AA'

(Fig.l) Is equal to the stream of energy flowing out through sectlcn

BB'a

-- 12 -



where H is the enthalpy, which includes in the general case the chem-

ical energy of the gas Qchem"

I

f4: Ce'-T + \C, t t cJm.

For a mixture of a given chemical composition H is a function of Pv.

Excluding from the three ejuations (1), (2). and (11) with

four unknowns (P., vl, u, and D) u and D, and utilizing the equa-

tion cf state Pv = RT, we obtain an equation of some curve lying in

the surface P, v, where every point of this curve corresponds to

some wave which satisfies/'gtven initial conditions and all three

equations (1), (2), and (11). In Fig. 2 such a curve AEG is pre-

sented for the case Qchem x 0 (the adiabatic curve of Hugoniot for a

pure shock wave) as is the curve J••F for the case of a given

Qches. 0 0 (the adiabatic curve of Hugoniat for a detonation

wave). The rate of detonation

D) an mv, ===p V/ ,".'

is given by the angle of inclination of a straight line constructed

.. ,13 -



frrnm the pc-'nt k (Pr^V 0  to a gi ven point cr, the adihat, for example

aibatcoTres~yond to evke-ry rate. Anexception ippears to b4- ilh Point

ofý tartgencyv at which the sfscart AK turns into a tangent. This

molnt IS 1iinuihe Y the fact that In~ it ths- adiahat of Hugon tot

~i~' p~t~t~s! ý Te Intrrsvlr 5tate (~the adit~at of P~oi;9o) ;jn

it tlf p--rIt D olrý±ady known to us. Thie poInt of tripl.e tiiqencY

C.Ol~rp~spon~ls to the ma~l1xifl of entropy on the straight line AC, huti

the Thi of L-nrtropy on the adiabat IF.

A- comparison with experiments shows that in fa.ct the sttate

corzeý,;eon~inq to the imniLY possible rate of detonatli~ln I* always

ra'ii~ed. .Rarer adiabats, represented by poliats I ying a ;ve thE

poc It ED aire nct realized. indeed, inl all waves co~rrespxý,ndinq to

the -,i; f the hrznch o-F the curve D'.", the Velocity OIL thýý wave

-?I1it~ve tr, M gaý, ccpreqoed In it Is less than the velocity of

ýC da ý7!A-. Th-.r;?fore, If either the qasoous rnixtuyc is arti-

c I aI pacrý-d In a ceO'Aoi orAa corrsonding, for enxampl ýn to te

~ ~', the liatlon wavke1 wh~ch in the ahsencn of arlificia

pr s ure froT, behind f~lo~ois the compr ýssorn* and is propagated With

*n,ý nce~ssAtv of -the subseqtkent rarififction follows f:-_rii

+!.ie law co.-_servation of matter 4 At -3 given quasitity of -the sot.-

stance in in unchanged volime an increase in the density In ttbe

- 14 -



shock wave above the average value can take place only at the ex-

pense of a decrease In it behind the wave (at the front of the wave

the gas is not excited). In order to avoid rarefication, it is ne-

cessary to create an artificial pressure, for example with the aid

of a piston, which moves behind the wave. A simple exposition of

the physics of shock waves can be found In ,18. An experimental re-

alization of detonation corresponding to the point K, in the pre-

sence of an artificial pressure, cin be found in 38.

the velocity of sound, will continuously overtake the front of the

detonation and lower the pressure in it, so that it does not become

equal to PD. In the state D, as ý.as been established, uD = CD;

hence further weakening of the shock wave ceases and a stationary

system is established.

For the points of the branch DM3, there is the reverse re-

lationship: uM> CM. Hence the rarer curves represented by this

branch are not thermodynamically and mechanically prohibited, and

the theory of Jouguet does not give any basis for their exclusion.

The selection of the point D by Jouguet thus appeared to be theo-

retically arbitrary and was based only on experimental data.

For a long period of time a considerable portion of the ex-

perimental investigations of detonation were devoted to a verifi-

cation of the theory of Jouguet. It was established that the rates

15~



of detonation in the moqt diver-e mixtures are found tc be in good

_a,,r•c',^ r 'with the c/;gl..'. $ v~lues., in, p1',ssures ti t'• . -

* ir an evaluation of the degree of agreemunt we must take

:('tc n :on.s4e ration teat more or less relible thermal c-i, t (depend-

enc.ý of Che heat •.apicity Ir the temperature etc.) at. very high .

peratuires have bt-oa* attainable only over the last ten to twel,-e

years.

tonation wave, measured by Campbell and co-workers 4 by the method

of rupt.,re of caiibr4.ted r-mbraneA, proved to be in good agreement

wyith the calculated valuet. Thus, 4xperiments have, as It were,

cc rj i:, i-ed the; cor.=ectniess of the th eory of PJ'k.qust.

For some tbie the question has been discussed of whether it

Is n,.cesiary to t&?e Into consideratuon the pressure of disze ociation

wherr determiiirig the tom, jerature and composition of the combustion

pr, ...... uc cf. The establishment of equillIbriun, It would seeir, re-

qUires tiz-. 1-1ence if, as is asswmed in the theory of .ouguet,

• co~bu.stin reaction (emWss.lor of heat) proceeds practicaliy

Sinstanrtaneously, the succeeding tý-ndothermic reactions of dissocia-

tic ho~un d not infl-uence the rate (rarification can not overtake

the state DO. Investigation of the rate of detonation at various

-- 16 -



pressures, conducted by Dixon! and by A. C. Cokolik and K. I.

Shchilkin6* for different mi-tures, and calculations of the rate

of detonation taking intc consideration dissociation, performed by

Lewis and Friauff 7 and further, more extensively and accurately,

by Ya. B. Zel'dovich and S. B. Ratnere8 , have shown that equilib-

riu, in a detonation explosion car be established and that there-

fore it is essential to take into consideration the dissociation of

the combustion products in thermodynamic calculations.

As the circle of investiaations has broadened the insufficien-

cy of the thermodynamic theory of Jouguet, which has proved Incap-

able of explaining a whole series of phenomena observed experiment-

ally, has been more and more clearly revealed. In particular the

weakness of this theory for an explanation of the ability of one

mixture or another for detonation has been revealed. Not every com-

bustible mixture is capable of detonation. It is impossible, for

example, to force a mixture of carbon monoxide and air to detonate

under normal conditions, although in the usual burner it burns very

well. For any combustible mixture, for example for a mixture of hy-

drogen and oxygen, it is always possible at a given pressure to find

such a relationship of the components at which this mixture, though

remaining combustible, becomes incapable of supporting the propaga-

tion of a detonation wave. Such a limiting composition at PO = latm.

has obtained the name "concentration limit of detonation." Detona-

.- 17 -



tion limits also 4xist for pressure (the propagation of detonation

in a il.vten mixtu~re •ooe ~osbeat a sufflicitntly : p--

sure) and for the diameter of the tube. ;t*edmpts to explain riAhe ex-

istence of a limit by the fact that the temperature from the com-

presslcn in the front of the wave to the limit becomes less than the

temperature of Ignition of a givens mixtare, a- a result of which

the mirture ceases to ignite (Jouquet, Crussard9 ), have proved to

be quantitatively and qualitatively inadequate. The very idea of

an ignition temperature, as of some 3bsolute characteristic of a

combustible mixture, is unreal and can not be considered out of the

context of all the other conditions and. especially, without regard
time of

to theAacceleration of the reaction (the time of inhibition, induc-

tion.), inherent I practically all real mixtures. The detomation

theory of Jouguet operated by a concept of Instantaneous (i.e., hav-

inr a length of the crder of the time of compression of matter in

the front of the shock wave) ignition and instantaneous reaction of

the mixture at the front of the det-nation wave.

The development of chemical kinetics, of the theory of chain

reactions, and of the theory of thermal explosion has made it pos-

sible to approach the investigation of gaseous detonation from new

positions. In particular, a number of investigations of the limits

of detonation of various combustible mixtures and of their detonation

ability have been conducted (A. S. Sokolik, M. A. Rivin), leading to

the conclusion that the reaction in the detonation wave must not be

- 18 --



considered as instantaneous. 10-11 The course of a reaction in time

close to the limits becomes a factnt deterinlninq the detoratic;n ab-

illity of the mixture, which determines the very appearance of the

limit. Such a point of view is fulIy confirmed by the observed in-

fl.uence of various factors on the limit of detonation. Thus, Laf- t

fit and Preton 2 showed that an inrease in the initial pressure of

,•xt•e of hydrogen and air from I to 8.7 atm. displaces the con-

cf.ritratiorl Jl:lt respectively from 18.5% H2 in the mixture to 14.5%.

Aa increase In the initial temperature in this mixture (when POZ I

atm~.) to 3000 displaces the limit lower than 17% H2. 1 3 An increase

iri the init!,• temeaperature of a CO-ilr mixture to .zz%• 100'. accord-

int-; to the data of M. A. Rivin, 1 3 causes the detonation of this mix-

ture, which does not detonate under normal conditions. An increase

in the initial pressure or Initial temperature leads respectively

to a. increase in the pressure or temperature of the gas compressed

tv the shock wave. Roth these factors vitally influence the rate of

th• chemIcal reaction.

However, experiments in wh•ch the influence of small admix-

tures on the 3bllity for detonation were stl.idled seemed most Indic-

atty. Af•ter adding 1.3% H2 to a nor-detonating mixture of carbon

monoxide and air, M. A. Rivin and A. S. Sokollkl 0 obtained regular

detonation in this mixture. The substitution of 1.3% CO for the H2

practically does not change either the energetic or the physical

properties of the mixture; however, as is well known, small admix-

-- 19 -



tures of hydrogen hiwv an unus~ally strong !nfluence on the kinetics

of tht oxidati•ii oi C. ;,n •.nalogous dtorin cri the det-Ž.ation of

the same mixture is exhibited by small (0.3%) admixtures -if C2AJ,.

A mixture of .rnthanoe and a.r which does not detonate under normal

conditions detonated in the experiment-( of M. A. Rivin1 4 after the

addittt;n t.2 ,t of 3. ethylene or .3X- perntarne.

Bdsed on all these data, M. A. Rivin and A. S. 3oko1iki0 pro-

posed that the attainment of the limit is determined by the fact

that the reaction in the wave is decelerated in proportlon to the

dilution of the mixture, while the extent of the reaction zone i.

increased. The detonation wave thus represents a shock wave in

which gas is comprsssed, heated, and begins to react as a result of

this. After some time V has passed -- the induction period (time of

inhibitlon!, -- the presence of which is characteristic of the over-

whel-Ming majority of normal combustible mixtures, a rapid ignition

i and combustion of the mixture takes place. 'Thus, between the front

of the shonk wave and the zone of rapid reaction (igrnition) there

exists somne gap which Is e.iual to d a TD.* Assuming that the at-

4 in fact A MT-D•2-- , whore P is the density of the gas

compressed by the shock wave.

tainment of the limit of detonation is determined by the fact that

-- 20 -



-the width of the gap d reachs a llimiting size, and that upor, fur-

ther increase in it a steady propagation of detonation becomes im-

possible, the indicated authors gave a kinetic condition for the

achievment of the limit in the form of the eqpuation

Within the limits of the detonationr•t~i., the width of

the gap is much less than the limiting value, and hence propagation

of detonatiorn is possible.

3. Current Theory of Detonation

Attempts to develop quantitatively the qualitative ideas

pre3ented above within the framework of the old thermodynamic theory

have shown that the introduction of new qualitative ideas of the

cou-se of the reaction in the wave demands a radical revision of
the old theory and an analysis of the detailed mechanism of the

process. Such a revision was made by Ya. B. Zel'dovich15 in 1940

and led him to the following basic results.

The sharp change in pressure at a strong shock wave, as is

well known, takes place at a width of the order of several lengths

of the free path of a molecule of the gas, while the course of the

chemical reaction, according to the current kinetic representations,

-- 21



requires in every case mo)r- than a thousand collision%. Thus, for

Wr V• le•. .;-nin Under tire .. . di tf th t',.,tiin ww.r- .

sion tempnirature 170V) - lO••O K.), only ir, ,n. 2i )0 c-Al - 1

does the enezgy of the collldl-,g partic.•es prove t;: be sufficient

for the reaction of atomic hydrogen with oxygen

(a b rach.•4:zain reaction), which, as is we!-! known, 6 determine-= the

rate of oxidation of hydro.en. 1o this must also be added the ln-

fluence of the steric factor, thanks to which the probability of the

reaction becomes significantly less. In the first moment after com-

pression (dire,,tly after the front of the shock wave) the gas still

is not capable of reaction, Hence, on the P-v diagram the state of
the co.Thre gas directly behind the wave front is depicted

by some poInt of the curve AEG of Fig. 2 (the adiabat of Hugonkotfor

a jrwe shock wYrie). At the same time-, since every systam is stead-

ily propagated with the constant rate D, the point which depicts it

shculd lie on the straight Uine A-. As can be seen from Fig. 2,

botl conditions correspond to only two points: the initial point A

and the Point E. In th-,e course of time, as the reaction takes place

and energy is given off. the depicting point strikes the Intermedi-

ate adiabat, which corresponds to a partial liberation of heat, for

example on the adiabat NN)Fig. 2, while at the same time remaining

on the straight line AC. A complete liberation of heat, the state
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of "detonation," corresponds to the point D. Thus, the gas in the

oi ttnatt.cn wave passes from. tht" initial state to the state corre-

swnalnq ,tu point ., anJ then, as the reac Lon lakes placui , pies

through a continuous series of states represented in the P - v di-

agram by the section of the straight line ED and, finally, strikes

point D (the point of Jour.,nt), which corresponds to the findl state

oi the detonatioti products. The distribution of the temperature,

pressure, density, an' concentration of the substance behind the

frfint of t-he shock wave is shown s.hematlcaily in Fig. 3, borrowed
17

from a work of Ya. B. Zel'dovi•;h. The front of the shock wave,

in which a sharp change in P, f, i, and u tapes place, is denoted

by F, while the st.ate corresponding to the point of Jouguet (Fig.2)

is denoted by D. Calculations show that P3 =2 PD, while PD, in

turn, is approximately twice as large as the pressure of an explo-

sion of the same mixttre in a closed volume.*

*It is evident from Fig. 2 that n is equal to the section C

cut off by the straight line AC rn the Y-axis.

An analysis, taking into consideration the presence of an

unavoidable loss in heat emission and friction during the time the

reaction takes place, was made by Ya. B. Zel'dovich with the con-

clusion that the state of detonation, which corresponds in all its
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Steady detonation, corresponding to the upper branch of the

curve DKF, is first of all ¶Ipossible duka to rmechnical Causes

(UK<CK). The lower branch of the curve DMT Is also excluded i1r

the theory of Zel'dovich in a cor.oletely obvious way: in order to

arrive at the state M, the gas mus, first pass into L and then,

after a series of successive st~tes along th, straight line A., •-•p

to M (Fig. 2).Rut in this process the substance should pass thr,-,oh

the series of states of the portion KM of the straight line, 'n

which the amount of heat should be greater than that contairted in

the reacting substance;* this obviously is impossible. A direct

*Indeed, all the points of th) section KM.appear at the

same time to be points of the adýbuats lying above the adiabit F;Tr.

abrupt transition from the state K to the state M is impossible,

since a shock wave of rarefication is thermodynamlcaily impossibl,

(theory of Tsemplern18 ).

Thus, the introduction of tha time of the chemical reaction

into the consideratacn renders prs;ible a strict basis fo.' selection

cf the state D as the only one realizable in the steady detonation

wave.

Recently articles have appear3d in foreign literatre, es-

peclally the American, in which the authorship of the current theory
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Fig. 3. Distribution of t%.perature, pressure, density, and
concentration in the detorti.on wave:
9 - wave front; D - state oorresponding to the point of
Jouguet
I - Reaction products; 2 - starting mixture
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of detonation, developed by Ya. B. Zel'dovich, is ascribed to John

von Neiman, who puzlished his wirk in 1042 in a special edition

(COD Rep. No. 549, 1942). .•t us recall that the exhaustive art-

icle of Ya. B. Zel'dovich with a full exposition of his theoretical

results' was published in 1940, and even before the war was

frequently cited in a number of Soviet works ort detonation. ,•:nthe-

less, in the large survey article of Syring and co-workers19 devoted

4-te p.roblem of the stability of detonation of explosive sub-
stances, the authors, analyZing the material from the point of view

of the cou.se of the reaction behind the wave front, nowhere men-

tioned the name of Ya. B. Zel'dovich, but often made special al-

lusions to Neiman. Kistiakoffsky and co-workers 2 0 do the same

thing in their recent work on detonation in a hydrogen-oxygen mix-

ture. Especially curious is the fact that these authors theiŽe refer

to the article of Ya. B. Zel'dovich of 1940* (which, therefore, was

*Moreovcr, inaccurately, ascribing to him an assertion which

he dld not make.

known to them), but in connection with other problems (the trans-

fer of slow combustion in detonation).

abe Insofar as it is possible to judge from the literature avail-

able to us, von Neiman did not consider at all the most important
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prohlem for this theory, detonation in the preserc* of a loss of

ener'?v from the rea'-tion zone, while Ya. 13. Ze:'dovich resq v e

this question quite compi.et•ly and rigorously. NWw, in 19'O,

SK Lstia(offskyZO and co-vorkers as "the result of their experimental

r,:ateria1," express (as their crigLnal hypothesis, "developi'ng tho

,•:trt of Neimnrn'") the idea that in the prx:.ence of a loss, the

r'it n Jouguet is obtained at tVe moment when the losses be,;cmo

equal to the i.ntake .of heat -- 4 result which was rigorously ob-

Kt-31red by Ya. 3. ZeL'dcvich in 1940.

The facts pxesented above are very indicative and clearly

,'har6ctexlze the unceremonicus attitude of some foreigrn resea.-hers

to Ithe p-'Aority of 5.vlet scientists.

4I. The chanism of Tra:-sfer of the Reaction

is the accepted mechanism of the reaction (auto-ignitioo as

a 7sult of compression) the only one possible'e Until now there

have been no direct and convincing experimental data which Aouid

permit an unambiquous basis for the selection of the mechanism of

Ignntitcn- hy pressur. of a shock ,',. Gasodynamic theory indicates

only that combustion begins after compressic-n by a shock wave; this,

hcw~ver, d,,es ot mean that it is caused by the compression. Far

example, such a scheme where behino the shock wave front, at some

distance from it, the reacticn is propagated in the form of a normal

flame along the gas compressed by the wave is also logically p'ossible4
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In this scheme, the whole relat ,onship of the theory of Zei.dovich

and the whole scheme :ý,f the det inatioi. •ca,• are cscrved, since

they do not "epend on the concrete mechanism of the course cf

reaction and a.ie obtained only from the single consideration of the

course of the reaction In time and the selection of the state E as

the first state real1 ,,,d with-rn thr detonr atiU.n wave. Howev,.r, th&

nature of the chemicc -fiystc functions In the w-ive, the *4ura-

titative influence of the initial pressure, the initiai temperature,

and other factors on them will strongly differ in both cases, de-

pýndinq rn whether the reaction is prooagated by means of a flame

or by means of auto-ignition as a result of compression.

A basic objection which Is usually expressed against such a

scheme 1oils down to the fact that a flame which is propagated by

rm.ar-, of m=lecular thermal conductivity can not be propagated with

th,÷ r ate 'danded by the conditions of the detonation wave. Indeed,

tha boundary of the reaction zone in the wave moves relative to the

reaction products with the velccity of sound, while the normal rate

of thq flame is known to be much smaller than the velccity of sound.

This objection, however, can be easily removed by assuming that the

front of the flame is not flat. The normal velocity of the flame,

of course, remains unchanged under this assumption, but the total

amount of the burning substance increases proportionally to the sur-

face of the flame, while the volume of the burning substance in-

creases in the same proportion; hence, the path traversed by the
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flame along the tube is equivalert. At the place where the flame

froi!t is distorted, as a ;-.¶.uli ot the incr.?ase in thre amount of

substance burnlng in a unit section of the tube, an increase in the

axial velocity of its motion axise-:, and, therefore, so does an in-

crf:aie in the pressure gradient, which in turn leads to the formation

of indlvidual jets and bursts of gas, which carry the flame out
:.rwvazd, etc. The rate of transference of the flame now Is made up

of the normal rate of its pvopagation along the motionless gas and

the rate of the jets of gas which transfer the flame and can prove

tr be much larger than the normal rate. K. I. Shchelkin was the

flist to pay attention to the influence of the agitation of gas in

31the phenomena of detonation, first, in the origin of detonation.

k'. . Shchelkin also detected a strona influence of the roughness of

the walls on the propagation of d--tonation. 3 2 For a more detailed

exposition of the theory of the a,-celeration of the flame in the

stream, see 21,22.

As L.. D. Landau 2 3 showed, a flat flame front should become

unstable under certain conditions, and auto-agitation should tat.e

place, leading to the development of the surface of the flame and

an increase in the rate of propagation. Unfortunately, it i1 still

quite unclear under just what conditions autoDagitation of the flame

actually takes place. It Is unclear whether a stable complex

"shock wave - auto-agitated flame" is constructed. Hence, it is

difficult to make an immediate defnitive evaluation of the pcssi-
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bility of the actual existence of such a mechanism of the propaga-

ticn of' the' react!cn in, the detonatiorn wave, a.lth.ough, as we .. 11

ee furthe-r, there are many indirect indications that in a nuzbner

of cases it dces take place.

Another possible mechanls, for the transfer of the reac'tion

by turbulent flame was recently cons"dervd by Y. A. Fivin

Let us consider schematically the nature of the motion of

the qs behind the detonation front. At the moment of compre-Ion

in the •shock wave front A-, the gas (Fig. 4A) until then at rest,

is compressed and takes on a translational velocity W, which is the

same along the whole section of the tube. In proportion to the

motion along the tube (and, accordingly, the distance from the wave

front), the particles of gas adhering to the walls are retarded,

forming a boundary layer of increasing thickness. At some distance

from the{ place of the beginning of the flow, a disruption in the

laminar boundary layer takes place. The turbulent boundary layer

being formed gradually thickens until it encompasses the entire

section of the tube. Directly behind the place of the disruption

the stream consists of the very thin, so-called "laminar sub-layer"

which adheres to the wall and becomes the turbulent bounday/layer

of increasing thickness, and (in the center) of the basic stream

with a constant value of the velocity. The velocity of the flow of

gas in the boundary layer varies from zero at the wall to the velo-

city W at the boundary of the boundary layer and the central nucleus
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o f the stream. The whole process c.-,)se to the beginning of the

Sflow Mnioduces the picture -,f flo..ing arourd a thin plate, with

the disttdctio, that in the cas-e under considerdtion, as a recsult of

the constancy of consumption. the retarding of the gas close to the

walls by the variation in presaure oroduces a corresponding increase

i"f its rate in the nucleus, and thus, a decrease in the rate of the

wave relative to the gas in the nucleus D - Wn. The site of dis-

ruption In the boundary layer in physical hydrodynamics is deter-

wdiv•.3.d by the condition that the number of Reynolds, consisting of

the distance from the beginning of the detour in the flow to the

place of the disruption, was equal ;.o 5"I0t. For the case of typ-

ical normal detonation in the mixture 21t2 02 (at an initial pres-

sure of cne atm.), this distance proved to be equal to approximately

0.3 cr. Accordingly, the distsnce from the wave front to the place

oF disruption of the boundaxy layer (the distance between the sec-

t1z'.s OB and AA) is equal to 0.3(P-W)/W QO.O6 cm., while the time

fr,;, thp beginning of the compre i-n9 10 -6 sec.

Let us suppose that auto-ignition of the mixture behind the

wave fcont takes place somewhere to the right of BB, for example in

CC. If it should turn out that the rate of propagation of the flame

under the conditions of the turbulent layer (along its inner side),

Wturb-, thanks to the redistribution of velocity in the stream and

the large size of the pulsAtion,* is larger than the velocity of
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*The pulsation rate is propcrticnal to t.,e difference in rites

of close-lying stramS. of 9aso In the case udoier considdation,

the velocity of the gas varies over the extent of the thin boundary

layer from zero at the wall to W = 0.8 - 0.85"D at its inner bound-

, ary. Pulsations of the order of hundreds mu/sec. correp.sr to

this. We should add that the normal velocity of the flame at .,

high tempeirature of the gas in the shock wave should also be great.

For the influence of both these factors on the combustion rate see

21, 22.

the wave relative to the compressed gas, then the flame moving along

the Inner side of the turbulent layer would approach the site of

the disruption (section BB) and the stationary state shcwn in Fig.

4, b would be attained. At some distance behind the wave front,

close to the place of disruption of the boundary layer, a circle of

flame is established which is propagated elo.-ig the. agitated layer

with the same velocity as the wave. From this circle the turbulent

flame is propagated along the whole section of the tube. In the

section CC the state of the products of the concluding combustion

corresponds to the point of Jouguet on the P-v diagram. The average

time frum the beginninq of the compression of the layer of gas

(sect!cýri AA) to the termination of the combustion in it will repre-
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Fiq. 4. A possible schem:-. for the transfer of combustion
by a turbulent flame behind the detor"ation wave front.

]. - wave front; 2 - detonation products.
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I
sent in this scheme thr. effective time of reaction.

"Thus, undter tho ýcnditiun when Wturb > j - W. it is sutfict-

ent if the time requicrd for -idiahatic ignition in the wave proves

to be greater than approximately 10- 6 s-,., so that the compressed

gas will begin to burn before ignition takes place. The emergence

of a focus of combustion at some spot in the section (this also

pertains completely 'to spin detonation) automratically makes auto-

ignition difficult. A partial local consumption of the mixturp in

a given section corresponds to a decrease in the average values of

the density and pressure for the section (the depicting point in the

P - v diagrar. moves upward along the straight line of .irkhel'son)

and leads to a corresponding isentropic drop in the temperatuze of

the st=,ll unreacted portion of the mixture. The decrease in the

pressure and the temperature should entail a hindrance of I£nit ion,

a displacement of it from the wave front, andin the case of a suf-

filcently stronq dependence of the rate of reaction on these factors,

should also lead to a complete disruption of it.

It is easy to see that when satisfying both the three equa-

tions -- (1), (2) and (11), and the assznption that the reaction
from

takes place in time %the initial state A to the detonation state D

(Fig. 2), it is possible to pass not only through state E, but also

directly from A along the section of the straight line AD. Although

there are no general bases for rejecting such a scheme of the struc-

ture of the detonation wave, until now no satisfactory mechanism for
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the transfer of the reaction has been proposed for it. In particu-

1.3r, -0 1 th-, attpmpts tc, ccnstruct a mechanism In which the re-

acttcn Is transferred by active f:.rticl•s, which fly -),t of tlh%,

det,)natlon flarie forwarl into the fresh gas, encounter one general

dif fculty: the distance of the 1,ction of such a boirbardment.

canno)t ex•ý'., scýveral lenqths of the froe p-dth, 3 distance at whi,;h

cil itaf;ttons should be able to take place; this, as we have 3--.0

IS im•ossible,

We have dwelt on the consideration of this scheme chiefly

in order- to emphasize that the absence of general bases for the

Vrohibirt.on cf the path AD leads to the necessity for a detailed

a 4tvnlV. of every new mechanism of chemical reaction which might be

prop•'sd. There are no sufficiently weighty bases for asserting

that the path AD is Impossible in principle. This renders an exper-

,aj,-itltai in'estigation of the structure of the detonation wave, which

could conclusively resolve the problem of the mechanism of th- un-
o'f

co-vplinq and transfer of the react'ln and/the path along which the

state of the substance in the reac7tlon zone varies, Sspecially

vItal Let us nute that the iTn-zYnsm of turbulent propagation

24
pro••csed 6y thr, a-uthor aid considered abov,-! demands a rapid motlon

-1f th- 9;s irt front of the reactirnn zone. Fut only the shock wave,

which s. .ds out with a soersovic velocity, is capab1• :r setting

the o-s in 0',otlon; thus this machantsm is also depicted ifn the

P-v dlsoraM by the jumrp AT_ and the section FD, and not by th./



direct transition AD.

fhe ýxlstonce of limits of the propagation of detonaticrn, ac-

cording to the theory of transfer of combustion as a result igni-

nition by compression, Is due to the fact that as the mixture is

diluted (or the pressure or teraperature is lowered, atc.), the re-

action rate in the shock wave decreases, the reaction zone is extend-

cd, and the loss of energy in heat emission, friction, and incomplete

combustion in the reaction zone increases. Beginning with some a-

mount of loss, the stationary propagation of the complex "shock wave

plus reaction" becomes impossible% the loss of energy leads to a

noticeable drop in the rate, the point D slips downward, and the

temperature and pressure in the wave drop. This leads to a sharp

deceleration of the reaction, to an increase in the depth of its

zone, and, consequently, to an pven creater lrcase in the loss,

Quantltative estimates show that for real mixtures the lim-

it should appear at comparatively small losses of energy -- of the

order of ten per cent of the thermal effect of the reaction. Such

losses can take place only when the reaction zone is extended to a

depth of at least several diameters of the tube. Therefore, ac-

cording to the theory, close to the limit and at the limit the zone

of increased pressure and density, corresponding to the passage of

the substance through a series of states on the straight line ED,
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[should have a signiftcant depth and should yield crmp3ratively sIM-

ply -,..ritai v 1it..r,. 3 6  P'wev,•r 3 comrVar'.r -,.Th thN L

e-xperint~al material Thwthtt log tsrýr lzit

tho detonation wave takes on a radicai difference 4fr-m the "normal"

structure, beco "se• pirn" -Jeton3tion and that, In fact, we" -u.'t dif-

ferentlate -two imits• the limit oF '"nclimal" dton.3tAion, whten Jt

passes into the "spin" detonation, and the 1ir.it of ".pln" .,.tnr,ý.-

ti.rn or the absolute i] nit. Therefore, before dwslliný in detall

. on the problem of the iimlts of detonatlo-,, we must turn to a con-

sideration r.;f the very phenomenon of "detonation spin."

DetonatpnSin

"Det:)nation spin" w,.-, discxvered in 1926 by Campbell and co-

-kers,2 ' who noticed the wave properties :f the line of the de-

tcnatinn wave front aend the system sf bands of intensified emission

("the b-ir-d structur-!&) on the photographs of detonation In a hum-

be: of mixtures. The very simple and convincing experiments of Camp-I

bell *snd co-workers showed that the phenomenon of spin is not re-

lated to any eyternal influences (oscillations of the walls of the

tube, nsc-.lations of tihe column of gas, etc.), but is inherent in

the very phericenon of propagation of detonation. in spin detona-

tion the head of the flame photographed on film does not fill the

whole *.ecttlon of the tube, but is propagated along it in a spiral

path, where the flame Itself has the form of a column rotatino alcong
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the per lphe:y of the tube. Hnnce phc-tooraphs of tha flame, taken

thi oigr sp 1o~t~x~ 4 l~so have a w3v'ý-~ 1 ise frr. S -

times, photograrhing in entire class tube (without slit), it i.•

possible to obtain on the film a clearly visible splial, traced y

the flame. On photographs ;n moving fil,-4made throulh a circular

slit in the end of the ex:posion tub.,, the flame leaves a trace in

the form of a Cycloid, which also incajtes the pra ation of th2Ž

head of the spin In a spiral. Detailed .measurtements by Campbell,
and then y Sone and co-worker's,2 6  and others have shown that the

pitch of the spiral described by the head of the spin depends prac-

tically solely on the diameter d of the tube and is approyimately

equal to three diameters. iccordingly, the frequency of the spin

(the ntaher of rotations completed by the flame in a second),

equal to N _-Di/3d, appears to be almost as characteristic for each

given inixture as the rate of propagation of detonation D. Tt turned

out that the spin can be many-headed, i.e., several focuses of the

flame can be propagated simultaneotisly along several spiral paths

of equal pitch. The heads are larger the larger the diame.ter of the

tube and the further the mixture approaches the limit.
up to lCOM/sec.

Based on high speed (scanning speed ) photographs of
A

spin detonation in a mixture 2CO+ C-2, Bone and cc-workers assert that

the horizontal system of spin bands is nothing but an optical illu-

sion. In fact two systems of bands, differing from the head: or the

flame by their angle to each other, exist. Bright spots on the pho-
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tograph at the rlaces of Intersection of these handý blending to-

gethx, glve tho *rmpress1)n of the horizontal hands visible o. the

usual photographs .f spin detonation. One system of hands, directed

along the movement of the wave, re:presents the trace of luminous

gases (contaminated, evidentally, by dust), which move behind the

1 fr.nt co-f the detonation. Another system of bands directed a•.lnst

th4e movement of the wave represents, according to Bone, the traces

of the compression waves which arise in the detonation front as a

result of periodic ignition of individual portions of the mixture,

inwluded in one toil of the spiral. The reaction of the detonation

Sw~ve, *¢cor;ding to these authors, Is transferred from the flame front

with the akd of radiation, absorbed by the compressed gas in the

shock wave, which is propagated somewhat ahead of the flame. This

a;•cobi radiation produces R.cal heating In the formation of active

t e.?r;rsr, ý5 a result of which a local ("point") ignition occurs.|I
Vithout even speaking of the doubtfulness of the numerous

I C-y•;othees of the scheme of none, It does not explain the basic ex-

I perimental fact -- the rotation of the head of the flame in the spi-

ma..licnn the walls of the tube. This fact is also persistently ig-

norecd Ir, seqral other proposed explanatlons of spin, on whic.h there

SiS no need to dwell here. 3 9 The experiments of the authors cited on

the propagation of detonation In tubes of rectangular and trYengu-

lar sections are extremely important.. 2 5,2 6 It has turned out that

in such tukbes the head of the spin Is propagated approximately aloor,
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a described circle, while the afterglow preserves a band structure.

The reslts of theŽse experiments have ¶ermitted the aitbors to as-

sert that spin is not related to a rotation of the entire mass ef

the gas as a whole, as was originally proposed by Campbell and

co-workers.

The first rational idea of the mechanism of spin was ex-

pressed by Y. I. Shchelkin2 7 in 194t. Based on the instantaneous

Tep•[er photograph of spin in the mixture 2C(0±2 , conducted in the

I cited work of Bone and co-viorlýýers, on which it is visible that the

shock wave front has a break, K. I. Shchelkin proposed that deton-

ation spin is always related to the presence of a break in the shock-

wave front and that the ignition of the mixture takes place just at

the site of the break, where the pressure and temperature of the gas

shnuld be ¢onsilderably highor than on the flat shock wave ±rant. The

break itself, as a result of interaction with the flame following

behind, rotates along the shock wave front along the circumference

of the tube. The spin, according to Shchelkin, arises when the lim-

t Is neared, when "ignition in the plane shock wave (as Is the case

in normal detonation) becomes impossible." From the site of ignition

the reaction is propagated along the whole section, just as a nor-

mal flame.

Cn the basis of the detailed analysis of the phenomena which

In the break, Ya. R. Zel dovich2 8 also came to the conclusion

that the Ignition of the gas takes place in the break of the shock
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: wave. The rate cf propagation of the break relative to the gas

f lnwrinq Into It D-1 D; hence the temperature and pressure in It are

Corr.A'po-nding1y hicgh-er, andq the combustible mixture, which reacts

with difficulty in the plane shoe&ý waveshould be easily ignited in

the break. The break ardtlhe Ignitfon in it should be considered as

"super conpressed" detonation, supported by the plane shock wave.

Utilizing the circumstannce that. the head of the spin is propagated

aiong th, per'.phpry of the tube*, it is possible to show the essent-

ailly thzee diniansionai phenomenon of spin in a first approximation

in two dlmensions.

In Fig. 5, borrowed from the work of Ya. D. Zei'dovich, the

rectified reripheral shock wave front in this case is depicted. In

a con,%lder•tion of the figure, we should remember that the points

S and 5 are in essence the coinciding points on the circumference

(the place whewre the circumference is cut).

The break G!0t is depicted as exaggeratedly large for coJnven-

Jenc•e in the consideration. As can be seen from Fig. 5, motion of

the •reak consists of motion alor.i the axis of the tube with the

velocity of the detonation I) and movement Along the circumz-ference of

the tube with the velocity 4', - . As a result, the break moves

Sir a i.- .5 al. A high temperature and pressure behind the front of

the brfai: -roduces a rapid reaction (ignition) of the gas somewhere

on tJhe line COCA, and hence reaction products, the state of which

should be described by some point of the detonation adiabat of
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Fig. 5. Scheme of the spin wave. 01(Y2 is the break in the
shock wave front.

Huconiot (Fio. 6) already are found in zone F. Since the pressure of

the combustion products PF In F is equal to the pressure of the sur-

rounding gas, compressed by the flat (more accurately, almost flat)

shock wave PBO the state of the reaction products corresponds to the
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point F on the curve of Hugenito. From the condition of stationar-

' p. th .pro:a9-tiorn of th? whole system, it follows that the

Ignition frcnt 01'c>2' and thie front c-f the transverse portion of

the shooI ave 0102 should ba propagated with the same velocity.

Conseauently, the state of the compress6d gas behind the front of

the transversc shock wave sh.ould correspond to the point 0 of our

dl agram.

A flame from zone F (Fig. 5) prapagated along the compressed

but unreacted gas, encompasses the entire section and transfers the

gas to state D, i.e., to the state of normal detonation.

The scheme presented is only a first rough approximation. in

which at the boundary of zone F a discontinuity in the velocity of

the motion of fresh gas and the combustion products Is obtained.

For information on the equilibrium of the rates and pressures, we

must impose a supp].ementary system of weak waves of compression and

rarifl-ation, proceeding from 0I1 and 0,2'. As a rosult, a condi-

tion oI stability of zone F arises% the velocity of the detonation

pzoducts In zone F (in the "transverse wave") relative to the basic

wave fzrnt should be equal or greater than the velocity of sound.

For a calcuiatior. of the state of the gas In the "transverse" shock

wave and a calculation of the an-le of its inclination this velocity

can he considered equal to the velocity of sound, to which the op-

timal condition of ignition (the greatest PT) in the wave front
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Fig. 6. Calculation of the state of the gas in the break of
the shock wave (in the head of the spin).
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OICYOl'02' corresponds. Ibis assumption, however, has until now

remained without theoxetica& basis, just as for a long time the

selection of the point of 1ouaxut in the classical theory of normal

detonation remained without basis.

The calculation of the angle oz(Fiq. ý), carried out for

concrete mixtures has shown good agreement with experiments
( -. 45c) p~itc:h of the spin-: 3d).

6. The Reaction Time and the Mechanisms
of Its Transfer in the Detonation Wave.

In his very interesting investigation of the influence of the

Sroughness of the wall on the course of combustion, K. 1. Shchelkin32

revealed that in a tube in which ý wire is placed, wound in the form

of a spiral and attached to the inner surface of the tube, the rate

of detonation in a nxrber of mixtures, such as 2H2 + 02, CH4 t 02,

etc., noticeably drops. A drop in the rate of 11 - 20% in compar-

ison with the rate In a snmth tube is noted. The influence of

roughness on the rate of detonation can be caused only by an in-

crease in the loss in the wall (friction, thermal emission) from

"the reaction zone, up to the attainment by the gas of the state

corresponding to the point of fouguet. Hence from the experiments

of K. I. Shchelkin which we have described it follows qualitatively

that the reaction zone in the wave has a considerable extent, fully

comparable in any case, with the dimensions of the roughness itself
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(the diameter of the wire is approximately equal to 1.5 - 2.0 mm.).

Such an extent of the reaction zone corresponds to a reaction time

e -),o'i •ve~a m(•er':. UttLz nr the dat;. on the drop in

the rate cf detonation in narrow tu.es and comaparing it with the

losses in thermal emission and friction of the walls dependent on

the diameter of the tube, we can draw the following conclusions on

The reacti.7? tir

1. The magnitude of the reaction in t.e mixture 2H2 + 02. at an

initial atmospheric pressure is proved to be of the order of five to

ten microseconds. This quantity is fifty to a hundred times larger

than the quantities calculated by A. I. Brodskiy and Ya. B. Zel'do-

vich29 from data on the well-investigated kinetics of the oxidation

of hydrogen in combustion. 1 6

2. The dependence of the length of the reaction on 3 sim-

ultanious variation in the pressure and temperature in the shock

wave -roves to be considerably weaker than it follows from the

known kinetic data.1 6 ,4 9 The reaction time depends little on the

temperature and pressure.

3. The reaction time both for normal detonation and for spin

detonation prove to be independent of the diameter of the tube.

The extremely low influence of pressure and temperature on

the rate of the reaction observed is in poor agreement with the cur-

rent representations of the kinetics of the corresponding reactions.
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For an agreement with the c1.ssical theory of the transfer of the

reaction by means of compression of ignition, some kInd of supple-

mentary assumption on the mechanism of the course of the reaction

in the wave must be made, for example, the assumption of the pre-

sence of some kind of secondary exothermic reactions with a low tem-

perature coefficient in the incompletely burned substance or the

assumption of the presence of an abrupt redistribution of energy

between the degrees of freedom in the reaction product, etc. The

most probable is the assumption that in the mixtures investigated

a mechanism which is radically elfferent'fm the classical mechanism

of transfer of the reaction by turbulent combustion takes place

(see 2•').

The critical values of the criterion of Reynolds observed in

innumerable experimental works on this subject,30,31 in which the

fiat flame front is auto-agitited (Recr. : 5.104-10,5) are of the

same order as the value of Re behind the shock wave front at the

, limit of appearance of the spin. Thus, for the mixture 19% CH4 plus

81% C•2 the value of the criterion of Reynolds

-

where wn -- the normal velocity of the plane probably does not

exceed 105 (an accurate calculation is made difficult by the nec-
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essityAextrapolating, and thus the normal velocity under normal con-

ditions of temperature an:d pressure in the shock wave is not too

well known. However. as is now evident, in addition to the viscosity

there are also certain factors which stabilize the fiat front of the

flame, and hence it can be expected that the stability is not depend-

ent only on the quantity Re.

According to the scheme proposed by M. A. Rivin, 2 4 behind the

wave front a zone of weak luminescence should follow, which repre-

sents the trace of the fine concentric turbulent flame (the "mantle"

flame -- see Fig. 4, b), which then is either propagated along the

,whole section or produces by some method the appearance of an auto-

turbulent flame (the front of strong luminescence*). The two types

*The front of strong luminiscence here may not have noticeable

irreguiaritlesa the magnitude of the irregularities (tongues) of the

excited flame front can be very small in comparison with the diameter

of the tube, since it should only appreciably exceed the thickaess of

the flame itself (10 - 10-4mi.). Hence the surface of the flame

can prove to be sufficiently well developed at low absolute dimensions

of the tongue.

of detonation, normal and spin -- correspond from this point of view
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.o two dWf'f,.ent mechanisms of transfer of the reaction -- by the

turbulent flame and by 4ut.'-ignttion as a result of compression in

the head of the spin with subsequent complete combustion of the en-

tire mixture. The conditions of the transition fz-om normal deton-

ation to spin detonation remain unclear and their explanation ap-

pears to he one of the basic tasks for further Investigation. It is

clear however that every change in conditions of the experiment which

appraches the limit (the cilutlon of the mixture, a lowering in

the initial pressure) makes the turbulent propagation and the ap-

pearance of autcturbulization difficult.

Ts it :ealized under any conditions and in any systems with

a lon-spin plane auto-ignition be&ind the shock wave front? From

the material presented above no logical bases for the elimination of

such a mechanism follows. Tt is necessary only that the reaction

time undsr the conditions of the shock wave be sufficiently small,

I.e., that the depth of the reaction zone be less than the distance

at which the disruption of the boundary layer takes place. In the

experiments of K. I. 2hchelkirn cited above 3 2 It was noted that a

roughness producing a drop In the raze of ten to twenty per cent

in such mixture.s as C144 + 202 or 24 C - has no influence on the
When the mLxtura is extremelv dilute (e.g. C2 H4 + 02)

rate of detonation in the mixture C2; 2 • 32 A the influence

of the roughness is quite clearly manifested. The absence of an

inflence of roughness on the rate indicates that the dimensions of

Sthe re~action zone are small, which should be characteristic pre-



cisely for the classici mechanism of transfer of the reaction. It

will z-e v,-ry int:restiFrjs to Investicate dCtt tton in tl !n-t',>o

C2 H4 +302 both by the method of loss in narrow tubes and by other

methods, and to verify -the assunption of the classical mechanism of

transfer of the reaction in this mixture.

Above we mentioned the kinetic calculation of the reaction

tlme in the work of A. 1. zrodskiy and Ya. R. Zel'dp vich29  in this

work i first attempt was made at a direct ca-culation of the re-

action tinme in the detonation wave and the limit of detonation for

a concrete chemical system -- the mixtures of hydrogen with air and

hydrogen with oxygen.

These authors placed the now generally accepted scheme of

chain oxidation of hydrogen between the first and second limits of

ignition at the basis of their calculation;I 6

T. H_+ 0, 20H -- generation of the chains.

I1. OH+ H2  ½H2O+ H -- continuation of the chain.

I I. L H (Ai = + 0)-- branching of the chain.

IV. 0-.H-i.oH2 OM o H

V. H-C2÷. = HO2+-A -- breaking of the chain in bulk.

All elementary processes related to the participation of the

walls under the conditions of detonation are obviously eliminated.

The rate of the elementary reaction of branching I11, whose energy

of activation is equal to 18,000 cal./mole, is of decisive signif-
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icance for the rate of the reaction. The rate of the terminating

re.action is independent of the temperature taken. 'Utilizing t-he

known rate constants of the elementary reactions I - V, the auth-ors

calculated the rate of the reaction (rate of formation of the end

product -- H$20) and, respectively, the time of inhibition of the

reaction * under the conditions of spin detonation in a hydrooan-air

*As the characteristic time, a tim.e is taken during the cours

of which one per cent of the substance succeeds in reacting. For a

chain reaction this time practically does not differ from the time

of th'- roacticn of tan, twenty, or fifty per cent of the substance,

since the basic part of the entire reaction time is taken up by its

QrigiMal acceleration (the time of inhibition, induction period). I

Tiyturl atAlower limit (15% H2 ). In Fig. 7 the calculated depend-

e~ oil the inhibition time •' on the temperature is presented Ir,

the coordinites lg-- T. As can be seen from the curve, dbove a

certain temperature (approximately 13000 K. for the qiven concrete

conditions) th. reaction of breaking of the chain (reaction V)

proves to be neqilgibly slow Int comparison with the reactions oif

branchlng. However, beginning with a certain critical temperature

and bel•w, a sharp decrease in the rate of the reaction is observed
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(the breaking of the chain through formatior of H(}. "eytingquishes"

t,";e brarc.ni,. an tri ;A;* n th- reiC".I""r .or.to d '! Cr S , c r -. It h

and, correispondingly, a sha"•. increase -r 'the ::.-ction time-

imately a thousand tiw:s 1r, n, interval of ýc'o Jdeqrees). rhis crit-

ical temperature is no different frc;n the temperature of the uppor

limit of the Ignition at Cne pressurvý of the shc.ck wave f:•_a, is well

known,-' the appearance of an upper limit of igrnition !.s elate;d

precisely to buik termination during triple coliisicns accordi.,ng to

reactlon V). A. I. Brodskiy and Ya. 2. Zel'dovlch believe that the

decrease in the compression temperature at the head of the spin

proportional to the diluti,.n of the mixture up tc the critical ta:ip-

erature determines the appearance of an absolute (Independent of

the diameter of the tube-) limit of detonatic:. The form of the de-

pendence ofý t on T is also explained by the fact that close to the

limit the propagation of norinal detonation is impossible, wh£E, spin

detonation can still be maIntained. Indeed, the temperature of the

gas In the plane shock wave at the lower 'Limit (15% sk) proves to

be equ3l to 100C° K., to which a reaction time of the order of

milliseconds (Fig. 7) corresponds, i.e., very large for the condl-

tions of the detonation. At the head of the spin (T-, 1.3O&K.)

the reaction time Is measured in microseconds and proves to be suf-

ficiently small to guarantee rapid ignition, which is essential for

steady propagation of detonation.



*I
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Fig. 7. The dependence of the reaction time Z in a mixture
of H2 plus 4ir on the compression temperature at the head of
the spin, according to Zel'dovich and Brodskiy.

The calculation of the reaction time irn the plane shock wave

in the detonation of a stoichlometric mixture 2H2÷ 02 performed by

such a method lead the authors to a vaiuet'= 7.10 sec. It has

already been noted above that the calculated'T proved to be much

less (50 to 100 times) than the 5aeasured combustion time in the warv
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If in the mixture 2,H.-+OC. the reaction In the normal detonation wave

is transf,,rred nct by auto-lgnltion as a result of compression, tut

by turbulent combustion, as it was necessary to assme for an e;-

planation of the experimental data, then 'It Is not understood why

a mixture which can ignite in the head of the spin at the limit of

detonation cannct Ignite in a flat shock wave 2n a stoichiometric

m1iture, although both the temperature and the pressure of com-

pression In it are hicher than in the first case. Mkoreover, this is

not the only contradiction between the results of calculation and

those of the experiments. The authors of the calculation themselves

note the following two essential contradictions:

1. From the scheme of the reaction itself it follows that

an increase in the pressure should narrow the limit, since the rate

of tha termination reactiop V, proportional to the ntmhber of triple

collisions, increases with pressure more rapidly than the rate of

the branching reaction TII, as a result of which the critical temp-

erature is increased. 7ranr•}ile, from the experiments of Bretoni 2

it is knowin that an Increase in the pressure from 1 to 8.7 atm.

lowers the limit from 18.5 to 14.5 per cent H2 in the air. This fact
is in apparent contradiction to the results of calculation.

2. For the same reason It Is evident that with an increase

in the initial pressure, for example in a stoichiometric mixture

2H2+ 02, the limit of the propagation of the normal detonation would

first be reached, and then that of spin detonation would be reached.
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Meanwhile, experiments are known33 in which this mixture detonated by

the initial pressure of sevraIi hundred 3trmosphe:es. It is known

Al5so that the limit of propagation of detonation advanc-?s witl. Li

decrease in the initial pressure of the nmixture. All these contra-

dictlons between the experimentai data ard the scheme of the reactiC4

at well as the results of t.e cakalation, Indicate that in a tran-

sitic?) fror' high temperatures and pressures of the detonation wive,

scre factors become essential which are not taken into consider.tim
, in the general schemes of the reaction, developed on the basis of

Sa study of the reaction In the region of promontory ignition.

SAn explanation of these factors and the causes of the di-

vergence between experiment and calculation is of very great in-

tereest.

It ih w..l known that in the transition of normal combtus-

tion detcnation, detonation often arises soi-ewhat in front of the

flame front:, as a result cf the auto-ignitioi of the gas in the

shock wave which has been formed. Sometimes this fact is considerW

as a coJnfirmation ofthe fact that in a normal detonation wave the

reý".ticn t:-akes place through I gnitiLon as a result of compression.

however, the velocity of the wave close to the site of the auto-

ioanitiocn is always greater than the velocity of the detonation wave

established. A somewhat simpE Cied scheme of the only published 2 b

detalled photograph of the site of the appearance of detonation in

a rrK:ture of 2CD+02 3s presented in Fig. 8. Detonation appe:ars

I I1 II II III II II III I



at the point D, approximately 60 mm. in front of the normal com-

hustion front, which moves with a velkcity of 1275 M/see. The ratŽ

of detl.onation, equal close to the site of appearance to 3260 ri'sec.,

then decreases to 1980 risec. and only at a considerable distance

from point D, after the establishment of spin, does it take on a

stable value of 1760 m/sec. It is possible to assume that the hiah

rate close to the site of the appearance is due either to the fact

that the shock wave here is propagated along the gas, moving with a

velocity of 3260 - 1760 = 1'500 m./sec. (i.e., along the peak of the

adiabatic compression wave), or to thefact that at the moment of

Its formation the shock wave Is strongly supercompressed in compar-

ison with the stationary wave. And in both cases the calculation

leads to values of the temperature and pressure at which auto-igni-

tion takes place much largez than those attained In the stationary

wave. Fi-oro this the conclusion can be drawn that the pressure and

temperature of compression behind the fiat stationary wave front

are insufficient for a rapid auto-ignition of the mixture. Conse-

quently, the fact described above speaks more against the classical

mechanism than in favor of it for a given mixture 2C04 02.
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SFIG. 8. £chemie of a detailed photograph of the site of the

S• •rp~esrance of detostation in the mixture 2C0 Ck2 .

7.. L.mits of Detonation

Let us return to the problem of the limits of propagation of

detonation. Bretori12 and M. A. Rivin and A. S. Sokolik 3 4 noted that
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when a limit Is neared, noril detonaticon turns into spin detona- {
tion. (nly spin detonation Is observed in sch difficultly detV•i--

ating mixtures as mixtures of the majority of the hydrocarbons with

air or of carbon monoxide with oxygen. Kh. A. Rakipova, Ya. K.

Troshin, and K. 1. Shchelkin 3 5 hade a special investigation of the

structure of the wave in a number of mixtures with limits and in

all cases detected a spin. The authors indicated on this basis that

the theory of the limit of detonation should be a theory of a spin

limit.

A complete quantitative theory of the spin limit has not yet

been created, since in essence a complete theory of the phenomenon

of spin itself has not yet been constructed. Ya. B. Zei'dovich28

and S. . Kogarko36 relate the appearance of a limit to the spread-

Ing Of the supe''compressed gas from the break in the shock wave

(the head of the spin) O101 0202' to the sides (see Fig. 5).

Cooling of the gas in the break as a result of the spreading should

be greater, the greater the ratio

where t• is the time of inhibition of ignition in the head of the
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spin, and b is equal to the distance 61-5j. In order for rapid

ignition to remain possible, i.e. in order for the amplitude of

the wave in the break not to fall too low, it is necessary that as

c increases (for example, as a result of dilation of the mixture)

the widthi of the break b correspondingly Increases. At the same time

the quantity b should remain small in comparison with the diameter

of the tube; otherwise the su.rface SS of the basic shock wave takes

on too large an irclnation to the axis of the tube (in the dirscticn

of the displacement of the whole wave front), as a result of which

its normal velcity to the surface drops and the pressure behind its
II

front is lowered, which, in turn, leads to a drop in the pressure

"* iand temperature of the super-compressed gas in the break, causes an

1 increase inWC , etc.

Thus, the spin limit should depend on the diameter of the

tube: the lax~ge•r the diameter the wider the break should be, the

more accessible the quantity C, and the wider, consequently, should

the limit be. Here we should exp•,t, independent of the diameter

of the tube, the spin will always be one-headed by the limit. Any

influence which derreasestrc should act analogously to the increase

in the dianmeter. Consequently, for the spin limit the eame qualita-

tive dependernce should exist as that which is predicted by the theory

4of normal detonation on the assumption of the "classical mechanism."S

SConsidering the subsequent propagation of the flame from the head of

I the spin along the whole section, Ya. B. Zel'dovich and S. IM Yog- I

t:
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arko came to the conclusion that the total combustion time t

in the detcnaticn wave, which was determined by thF depth of th I

zone of Increased pressure (the zone ED on Fig. 3), should be 1-ro-

portional to the diameter, as a result of which the specific loss

in the wall (thermal emission, friction) should not depend on the

diareter, and, consequently, should not influence the appeararce of

the limit (loss in the wall is approximately equal to- ).

An investigation of the detonation limit of hydrogen-airpr..T.:.,

in a tubho or Large diameter (300 mm. 3 6 ) has shown, atn Increase in

the diameter leads to a considerable broadening of the 1-mits (up

to app•roximately 15% It, when D equals 3,00 mm.). Measuring the preset

ure of the reflection of the wave from the end of the tube .-th the

aid of crusher gages, the author showed that at the limit itself of

the zone of increased pressure has a noticeable 4iepth, of the order

of 1 5.cri. The time that the gas remains in this zone, i.e.

the combustion tire 1omb. = L/ - w = /oJ) SE/D. At a measured

D'- 1500 m./sec. w. find Itcomb, 5.l-, 4 sec. For a tube of such a

larqe diameter this depth seems somewhat small, since it r.eans that

the normal flame from the head of the spin encompasses the whole

section of the tube at a depth of approximately 0.5 of the diameter,

for which the rate of propagation of the flame in a radial direction

(foiT a one headed spin) should comprise - -=1,10

In the case Investigated, however, spin remains many headed. This
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lowers the requirea radial v,ýXocity of the flame to 300 m./sec.,t

which is still to- much. fr. ariy case, tvesr experiments represnt

the first experimental, although still qualitative, evidence of the

existence of a zone of increased pressure, higher than that whichof
might be obtained at the pint/Youguet behind the detonation front.

The drop In temperature and pressure in the plane wave as

the result of a loss at the wall should lead to an almost propor-

tlonal drop in the temperatu,-e and pressure in the break of the

wave, and consequently, to a delay in the reaction in 4t and to the

appearance of a limit. it is curious that the quantitative criter-

ia of the appearance of a limit with such a mechanism of its ap-
L5

pearance sLould remain the same as were deduced by Ya. S. Zel'dovlch

I for normal detonation accordiag to the "classical mechanism."

The theory of spin p,•rmits us to draw somen conclusions or, the

positions and possible dimensions of the break of the wave close to

the limit, in a rough approxLmation, represented by scheme In

Fic. 5, the rate of the influx of the gas in the front of the break

is equal to

() +. )

where Dh- is the axial velocity of the propagation of detonation;

Dt is the peripheral velocity of motion of the break. The amplitude
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of the shock wave is greater the greater the rate of its propaga-

ticn. At the same time, at a given frequency of the rotation, the

peripheral velocity is proportional to the distance of the breal.

from the axis of the tube (the radius of rotation of spin), which

we shall designate by x. The temperature and pressure of the gas

compressed In the shock wave are approximately proportional to the

square of its velocity. Thus

In Fig. 9 the line ACA represents the variation in the temp-

erature In the break depending upon the distance of the head of the

spin from the ! Is of the tube. It is clear that the most favorable

conditions for ignition (the largest temperature) exists in the

break when It Is situated at the very periphery of the tube. At the

limit of the detonation only such a position of it is possible.

By such a method it is also possible to obtain some idea of

the possible radial dimensions of the head of the spin at the limit.

It is easy to show that the same curve ACA of Fig. 9 represents the

radial distribution of the maximum temperature attainable at the

break. In fact, as has been indicated above, we must postulate

still another condition for equality of the velocity of the detona-

tion product at the head of the spin (relative to the wave front)
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Pig. 9. Radial distribution of the maximally attainable
compression temperature of the o:s in the spin break.

Sand the velocity of sound. W•ithout devoting ourselves to details

let us note only that as a result of thIs the temperature in the

break T, proves to he smaller than Ta, i.e., smaller than the

maxitrn temperature attainable at the optimun angle between the frort

of the bak and the plane wiave. Howuver, along the radius such a

tertur can exist onl the line CC. It is possible to a,;siTe

that the relationship of this length to the diaieter of the tube is

an essaentia para-meter in the theory of the spin limit.

Hore the chemical-ktnetic aspect of the theory of detonation

_ jC _ly been considered. The diffl.ultv arlsing in Jba Lesojvu-__
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tion of the problem of the nature of the motion of gas behind the

detonatioti zone, of frictional ret3riatiori and th:etmal emission, is

basically ir. the nature of calculations. Meanwhile, the problem cf

the mechanism of the transfer of the reaction Ln the wave, which

until now has not been definitively explained, appears to be the

principal physical problem. Henne the chief problem of investlqa-

tion includes a definitive estab!ishment of this mechanism and a

quantitative confirmation of the theory. The possibility of direct

study of the kinetics of chemical reactions at high temperatuies and

pressures with the aid of detonation, which has often been planned

as a direct measurement of the rate of the reaction behind the

front of a plane wav,, in the light of the considerations presented

seems doubtful. In all probability, information on the course of

the chemical reaction under these conditions is limited to indirect

data, obtained from measurements of the spin limits or from a com-

parison of calculated experimental rates.
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